To be active, a heavy metal trap substrate must possess some degree of aqueous solubility. The use of cyclodextrins molecules, which can form inclusion complexes with the hydrophobic trap substrates, has provided the required solubility through the relatively hydrophobic cavity of native cyclodextrins and their derivatives that enhances the ability to complex hydrophobic substrates of appropriate size and shape. In this study, spectrophotometry has been used to investigate the effects of cyclodextrin on the solubility, stoichiometry and stability of the substrate-CD complex formed between N-(2-ethylphenyl)-N'-(2-methylphenyl) thiourea, (a hydrophobic substrate trap) and hydroxypropyl-β-cyclodextrin (HP−β−CD). The solubility, stoichiometry and overall association constant of the complex have been determined using the Higuchi's method, the continuous variation (Job's plot) method and the Scott's method respectively.
Introduction
The literature is rich with research investigating the effects of heavy metals on the human health [1] [2] [3] [4] . N-(2-Ethylphenyl)-N'-(2-methylphenyl) thiourea belongs to the thiurea compounds family which are active traps of the heavy metals and play an important role in the field of asymmetric organocatalysis 5 . Bifunctional chiral thioureas have emerged as a successful class of organocatalysts for a variety of asymmetric transformations, such as the cyanosilylation of ketones 6 , Strecker reactions 7 , Michael additions 8 and hydrophosphonylation of imines 9 . Their success as bifunctional organocatalysts is based upon their ability to function as hydrogenbond donors and the incorporation of additional basic or acidic activating groups 10 .
Cyclodextrins (CD) are a family of cyclic oligosaccharides containing 6(α), 7(β), 8(γ) or more glucose residues and are characterized by a truncated cone shape 11 . Cyclodextrin molecules consist of secondary hydroxyl groups extending from the wider edge while the RESEARCH ARTICLE primary groups from the narrow edge. This gives cyclodextrin molecules a hydrophilic outer surface, whereas the lipophilicity of their central cavity is comparable to an aqueous ethanolic solution 12, 13 . Natural cyclodextrins show limited aqueous solubility due to the strong intermolecular hydrogen bonding in the crystal state. Substitution of any of the hydrogen bond-forming hydroxyl groups, greatly improves their aqueous solubility 14 . CD derivatives of interest include the hydroxypropyl derivatives (i.e. HP-α-CD, HP-β-CD and HP-γ-CD), the randomly methylated-CD and sulfobutylether-CD [15] [16] [17] [18] [19] .
Cyclodextrins are widely used as trap molecules in the pharmaceutical, agrochemical, food and cosmetic industries 20 . They (example: Figure 1a ) are used as complexing agents that encapsulate a variety of poorly water-soluble substrates (example: Figure 1b) ; completely, or some lipophilic moiety of the substrate molecule, inside their cavity through non-covalent bonds to form inclusion complexes resulting in an increase in their apparent water solubility 21 . No covalent bonds are being formed or broken during complex formation, and the substrate molecules in complex are in rapid equilibrium with free molecules in the solution. The forces involved in the complex formation are the hydrogen bonding, the Vander Waals' interaction and the charge transfer interaction 22 . The physicochemical properties of the free cyclodextrin molecule differ from those in the complex Despite several successful methods, including NMR spectroscopy 24 , mass spectrometry and molecular modelling 25 , the spectrophotometric method (employed in this study) still remains the simplest and most rapid technique for the determination of the solubility, the stoichiometry and the association constant for N-(2-ethylphenyl)-N'-(2-methylphenyl) thiourea substrate with HP-β-CD.
Experimental
The preparation and purification of N-(2-ethylphenyl)-N'-(2-methylphenyl) thiourea substrate has been prepared according to the procedure reported in the literature 26 . HP-β-CD and hexane of analytical grade have been purchased from Sigma-Aldrich Company. All solvents and materials used throughout this study are of analytical grade and used as such. All laboratory reagents have been freshly prepared. Water has been purified by triple distillation.
Apparatus Double beam UV-1800 (Schimadzu UV-Vis, Japan) spectrophotometer with matched 1 cm quartz cells has been used for all the spectrophotometric measurements. The wavelength of UV detector has been set at 190 nm.
Preparation of solutions
Substrate has been accurately weighted, transferred to volumetric flasks and dissolved in water to make individual stock solutions of 10 mmol/L. The stock solutions have been stored at 4 o C and have been further diluted with water to obtain working solutions.
Preparation of inclusion complexes
For each measurement, cyclodextrin and substrate have been mixed and shaken at the temperature of 25 °C to obtain a stable state of solubilization.
Partition coefficient determination
The lipophilicity of the substrate has been evaluated from their n-hexane-water partition coefficient, K P , as follows: Equal volumes of freshly prepared substrate/hexane solution (10 mmol/L) and of triple distilled water have been mixed and vigorously stirred at 25 °C for 1 h. The two phases have been separated by brief centrifugation (1000 g for 20 s). The substrate concentration in either the hexanic or the aqueous phase has been determined by a Schimadzu UV-VIS spectrophotometer (UV-1800). K P has been evaluated as the ratio of the substrate concentration in n-hexane to that in water.
Absorption spectra
Schimadzu UV-Vis spectrophotometer (UV-1800) has been employed to determine the wavelength of maximum absorption (190 nm) for the substrate in water.
Standard curves
For calibration, a 10 mmol/L mother solution of substrate in water has been used. A series of 5 mL solutions of concentrations between 0.1 and 10 mmol/L have been prepared and left at room temperature for 10 min. Absorbance has been measured at 190 nm for each solution against a blank solution. The molar extinction coefficient has been determined by measuring the absorbance as a function of concentration.
Solubility
Higuchi's method has been employed 27 . Eight solutions each containing 10 mL of water and 100 mg of N-(2-ethylphenyl)-N'-(2-methylphenyl) thiourea substrate have been prepared. To each, different HP-β-CD concentration solutions (0, 2, 4, 6, 8, 10, 12 and 14 mmol/L) have been added. The complex formed for each reaction mixture has been allowed to stand for 24 h before filtration on a 0.2 µm porous disc and the dissolved quantity of the complex substrate-HP-β-CD in water has been determined at 190 nm. The method is based on the graphical representation of the curves, obtained by means of the experimental measurements from a chemical system in equilibrium using origin 6.0 professional program.
Stoichiometry of the complex
Job's method of continuous variation has been employed 28 . Starting from the initial (10 mmol/L) solutions of each HP-β-CD and the substrate, series of 5 mL quantities of HP-β-CD and the substrate have been prepared comprising different complementary proportions (0 : 5, 0.5 : 4.5, 4.5 : 0.5 and 5 : 0). The complex formed for each reaction mixture has been allowed to stand for 10 min before analysis at 190 nm. The same procedure, described in section 2.8, has followed.
Association constant Ka
Scott's plot method has been employed 29 . From the same initial equimolar (10 mmol/L) aqueous solutions of HP-β-CD and the substrate, serial volumes of 0 to 4.5 mL of HP-β-CD solution has been transferred to different test tubes. 0.25 mL of the substrate has been added to each test tube and completed to 5 mL by addition of the necessary volumes of water.
Results and Discussion

Solubility
In this study, the hydrophobic substrate N-(2-ethylphenyl)-N'-(2-methylphenyl) thiourea has been solubilised in water consisting of different concentrations of HP-β-CD. The effect of HP-β-CD concentration on the solubility is plotted in Figure 2 . As shown, the solubility of the substrate increases with the concentration of the HP-β-CD to reach a maximum after which it remains approximately unchanged showing an equilibrium state established between the substrate, HP-β-CD and the complex. 
Figure 2. Solubility of N-(2-ethylphenyl)-N'-(2-methylphenyl) thiourea with HP-β-CD inclusion complex as a function of HP-β-CD concentration
Stoichiometry of the complex
The stoichiometry of the complex formation between substrate and HP-β-CD has been investigated using Job's method of the continuous variation 28 . Keeping the sum of the molar concentrations of substrate and HP-β-CD fixed, the ratio of the concentrations of the two substances in the mixture has been varied and the absorbance of the mixtures has been recorded at 190 nm against a convenient blank solution prepared for each point of the experiment. As shown in Figure 3 , the maximum absorbance has been observed at a substrate 
Partition coefficient determination
The inclusion of a substrate in cyclodextrin molecule greatly depends on its polarity. In fact, the hydrophobic characteristic will enhance the inclusion of the substrate in the hydrophobic cyclodextrin cavity 30, 31 . The partition coefficient Kp is the ratio of the concentrations of the substrate in an organic solvent (hexane) versus that in water. Since the capacity of inclusion of the substrate in the cavity of the cyclodextrin is directly related to lipophilicity, the determination of this coefficient is essential to determine if the inclusion process is possible. Using spectrophotometric method discussed in the experimental part 32 , Kp has been found to be 2, which indicates a preference for N-(2-ethylphenyl)-N'-(2-methylphenyl) thiourea towards the lipid phase thus proving the possibility of penetrating the cyclodextrin cavity.
Reproducibility
The reproducibility of the methods has been determined by replicate analysis of three separate solutions of the working standard. The results have proven satisfactory with relative standard deviations not exceeding 2%.
Conclusion
Thiourea substrates are known for being traps for heavy metals and accordingly may be used as filters or as means to enhance the measurement of heavy metal concentration. The poor solubility of such substrates continues to impact the development such potential non-water soluble trap molecules candidates 33 .
In this study, we have proven the possibility of increasing the solubility of the N-(2-ethylphenyl)-N'-(2-methylphenyl) thiourea by CD addition. As well, the stoichiometry and the association constant of complex have been determined. In addition, this study demonstrated that UV-Vis Spectrophotometry remains an effective, fast and accurate method for measurements aside its simplicity as compared to other methods.
